We tested the effects of seed rain, safe sites, soil depth, overstory, and shrub layer on the establishment and recruitment of white pine (Pinus strobus L.) in aspen mixedwoods of the western Great Lakes region, U.S.A. Germinant and seedling densities were positively related to seed rain and safe site characteristics that indicate moist conditions: high overstory basal area, decaying wood, and moss cover. Germinant and seedling densities were highest under dense overstory (>16 m 2 /ha) and were unrelated to shrub cover. Sapling recruitment was greatest under low overstory density (<16 m 2 /ha) and low shrub cover (<55%). On shallow soil (~14 cm), germinants and seedlings commonly occurred on soil depths <5 cm, but large saplings almost always occurred on soil depths >5 cm. On deeper soil (~21 cm), overstory white pines occupied the shallowest soils (~18 cm) of all major overstory species, indicating that competition may cause white pine recruitment into the canopy to be lower on deeper soils. White pine populations in the study were initially spatially structured by seed rain and safe sites but sapling growth and recruitment was structured by overstory density, shrub cover, and soil depth.
Introduction
Species composition of any given forest-tree community results from an interplay among ecological processes that influence seed production and dispersal, germination and early survival of seedlings, and growth and recruitment of advanced regeneration of individual tree species (cf. Greene et al. 1999) . The distribution of seed rain of individual tree species determines the area available for their successful establishment and provides a template for subsequent processes influencing germination, survival, growth, and recruitment (Clark et al. 1998; Nathan and Muller-Landau 2000; Parciak 2002 ). While seed-limited community dynamics are more likely to occur in early successional habitats and in early successional species (Turnbull et al. 2000) , forests are spatially structured by tree falls (Runkle 1981; Kneeshaw and Bergeron 1998) , large-scale disturbances (Heinselman 1973 (Heinselman , 1981 Turner et al. 1997 Turner et al. , 1998 , and underlying physical environment (Grigal and Ohman 1975; Host et al. 1987) , and as a result they encompass species and habitats of different successional status. Within these habitats, microsites such as moss patches, decaying wood, root plate pits and mounds, different patches of understory herbs, pockets of different soil depths, and zones of different shading may vary in their suitability for germination and early seedling survival (Maguire and Forman 1983; Houle and Phillips 1989; Stewart and Rose 1990; Cornett et al. 1997; Kuuluvainen and Juntunen 1998; Wright et al. 1998 ). Population and community dynamics consequently may be lim-ited by the availability of safe sites (Harper 1977) . Once seedlings are established, ensuing forest dynamics may be fueled by competition for light, since forest-tree species differ in their response to light Kobe et al. 1995; Reich et al. 1998) or by belowground competition (Peterson and Squiers 1995) , which may occur under conditions of limited belowground space (McConnaughay and Bazzaz 1991) .
Seed dispersal behaviour differs among tree species (Greene and Johnson 1989; Clark et al. 1999) , as does their ability to colonize suitable habitats in patchy environments (Kneeshaw and Bergeron 1998; Tanaka et al. 1998) . The ability of seeds to reach habitats suitable not only for germination but also for long-term growth and survival has been recognized as a crucial adaptation (Finegan 1984) . Consequently, some models of forest dynamics currently incorporate the fine-scale spatial distribution of individual trees to predict both the spatial pattern of seed rain and the spatial variation of light within stands (Pacala et al. 1993) . Foresttree species with relatively low shade tolerance, fast growth in gaps, and abundant and well-dispersed seed can theoretically exhibit long-term dynamics characterized by particularly complex responses to spatial variation in within-stand light levels (Pacala and Deutschman 1995) , although actual data are scarce. The long-term dynamics of intermediately shade-tolerant species may be even harder to predict, as they tend to be outcompeted by faster growing shade-intolerant species in large gaps and by shade-tolerant species in deep shade (e.g., Walters and Reich 1996; Kruger and Reich 1997; Reich et al. 1998) . The key to understanding complex long-term dynamics of an intermediately shade-tolerant species, such as white pine (Pinus strobus L.), is to understand the variation in habitat conditions that allow for establishment, survival, and growth of the individual life stages of the species. A recent spatial pattern analysis of a population of white pine revealed that different size classes of this species can occupy different neighborhoods within the forest, likely because they are spatially structured by different habitat conditions (Doviak et al. 2001) .
The objective of this paper is to describe possible causes of the complex population dynamics of an intermediately shade-tolerant forest-tree species by integrating the study of seed rain, safe sites, and broader scale habitat conditions that may spatially structure its regeneration and recruitment. To achieve these objectives we tested a set of environmental factors for their potential influence on the spatial distribution of different white pine size classes in forest stands.
First, we tested two alternative hypotheses (1 vs. 2) to determine what environmental factors are responsible for the initial spatial patterns in early regeneration stages.
(1) Seed rain limitation hypothesis: The distribution of white pine germinants and seedlings is determined only by the distribution of seeds on the forest floor. Although the distribution of germinants, more so than seedlings, could be expected to be closely related to seed rain, seedling distribution integrates the variation in seed rain over several seed dispersal seasons, thus extending the temporal dimension of the analysis. (2) Safe sites limitation hypothesis: White pine germinant and seedling distributions depend on the distribution of microsites, which may differ in their suitability for germination and early survival (e.g., patches of moss, grass, different herbs, decaying wood, deep soil pockets), rather than on seed rain. Second, we tested three additional independent (nonmutually exclusive) hypotheses (3-5), each related to one of the environmental factors tested in hypotheses 1 and 2 that may influence growth and recruitment among individual white pine size classes, and thus potentially reshape the spatial distribution of different sapling size classes relative to the initial patterns of germinants and seedlings: (3) Shallow soil refugia hypothesis: Regardless of the spatial pattern of early regeneration, white pine saplings recruit into larger size classes, and eventually into the canopy, more successfully on shallow soils where white pine can outcompete other tree species. (4) Negative canopy effects hypothesis: Regardless of the initial distribution of white pine germinants and seedlings, the recruitment of saplings into larger size classes is more successful in areas with sparse overstory canopy. (5) Shrub recruitment filter hypothesis: Regardless of canopy and soil depth effects, white pine recruitment into intermediate size classes is dependent on gaps in the understory woody layer.
Materials and methods

Study area
The study plots are located within upland areas of the western Great Lakes region centered at~47°50′N and 92°00′W. The region is a mosaic of wetlands, glacial lakes, rolling hills, and rock outcrops ranging in altitude from 340 m to~770 m above sea level. Substrate is mostly granitic Canadian shield covered with shallow and rocky soils (Ahlgren 1969) . Upland soils, mostly Inceptisols and Entisols and a few Spodosols, are derived from sandy and gravelly loam glacial deposition (United States Department of Agriculture, Soil Conservation Service, Soil Survey Staff 1960). The climate is cold-temperate continental with an average length of frost-free season between 96 and 131 days (Heinselman 1996) , mean July temperature 17°C, mean January temperature -17°C, and snow cover from early November to late April (Ahlgren 1969) .
Forests of the region are a mosaic of Populus tremuloides Michx., Populus grandidentata Michx., Betula papyrifera Marsh., Pinus strobus L., Pinus resinosa Aiton, Pinus banksiana Lambert, Quercus rubra L., Acer rubrum L., Picea mariana (Mill.) BSP, Picea glauca (Moench) Voss, Abies balsamea (L.) Mill., Larix laricina (Duroi) K. Koch., and Thuja occidentalis L. (Grigal and Ohmann 1975) . White pine often assumes a dominant canopy position, and prior to its extensive logging in the late 19th century it was the most dominant species in terms of basal area (20.1%) (Friedman et al. 2001 ). White pine stands had a complex fire regime before fire suppression occurred during late 19th century settlement of the area; light surface fires occurred every 20-40 years and stand-killing fires occurred every 150-200 years (Heinselman 1973 (Heinselman , 1981 . Doviak et al. (2001) provide further details on the study area and species.
Study design and data collection
Five study plots were randomly placed within selected mature aspen stands that contained canopy white pines and white pine saplings in the understory, within~30 km from the city of Ely in northeastern Minnesota, U.S.A. The greatest distance between any two plots was~45 km. The largest plot (90 m × 80 m), used in a previous study (Doviak et al. 2001) , will be referred to as the detailed plot. The four remaining plots are 90 m × 8-16 m belts (wider where white pine saplings were less abundant). These plots were pooled together to verify the generality of the observed patterns across the broader landscape, and they will be referred to as the pooled plots. Average overstory basal area was comparable in the detailed and pooled plots (~23 vs. 26 m 2 /ha, respectively). The upper canopy of both plots was dominated by aspen (mostly Populus tremuloides and some Populus grandidentata Michx.) and the lower canopy of the detailed plot was dominated by red maple (Acer rubrum). Other tree species had lower basal area (Table 1 ). The abundance of juvenile white pines by size class approximately followed an inverse J-curve in both the detailed and pooled plots (Table 2).
The environment of all plots was characterized using circular subplots (environmental subplots; radius = 1 m) in the summer of 1997. In the detailed plot, 90 environmental subplots were placed every 10 m on a 90 m × 80 m grid (10 m × 10 m mesh size). Seed traps were placed next to every other environmental subplot, except at the two northsouth plot edges where seed traps were placed next to every subplot (a total of 56 traps). In 1998, the original grid was supplemented by 72 additional subplots (each located amidst four previously established subplots) (Fig. 1A) . In each of the pooled plots, the environmental subplots were placed 10 m apart along the belt length (10 subplots over 90 m) and 4 m apart along the belt width (2-4 subplots over 8-16 m), for a total of 20-40 subplots per plot. Seed traps were placed along the belt length next to all 10 environmental subplots at both belt edges (20 seed traps per plot) (Fig. 1B) . Seed traps were constructed from wire and milling bags and resembled an inverted cone with a catchment area of~0.25 m 2 . Traps were placed within plots in early August 1997 and seeds were collected in late October 1997. Since a low seed crop in 1997 resulted in only a few seeds, seed collection was repeated in 1998.
On all environmental subplots, percent cover was visually estimated to the nearest 5% for shrub layer vegetation (understory woody vegetation <2.5 m tall), tall herbs (>0.5 m), short herbs (<0.5 m), grass, moss, decaying wood, and bare rock. Percent cover was also estimated for those understory woody species that covered ≥25% of a subplot. Soil depth was measured using a steel rod with 0-40 cm scale at the subplot center and at four locations~30 cm away from the center along four cardinal directions. Depths >40 cm were unusual and were recorded as 41 cm. Overstory composition and basal area were characterized by the variable plot method (Bitterlich 1984) on overstory subplots centered on the environmental subplots. In the detailed plot, overstory basal area was measured only on the original 90 subplots and was interpolated (from four nearest neighbors) for the remaining 72 subplots. The variable plot method was selected because it weights trees based on their size (diameter); large trees with potentially greater significance (e.g., shading, competition) are sampled within a larger area than small trees. Since we used a basal area factor of 2, the majority of overstory trees were sampled within 7-10 m and large superdominant trees within 15 m from the center of each overstory subplot. Juvenile white pine individuals (<20 cm DBH) were divided into six size classes: (1) germinants that germinated in the year of survey (1997) (GRM); (2) seedlings ≥1 year old and <0.5 m tall (SDL); (3) saplings ≥0.5 m and <1 m tall (SPL1); (4) saplings ≥1 m and <2 m tall (SPL2); (5) saplings ≥2 m and <4 m tall (SPL3); and (6) saplings ≥4 m tall (SPL4). Germinants and seedlings were counted within environmental subplots, and all environmental subplots and white pine saplings (SPL1-4) were mapped using a laser surveying station (DT-100, Topcon, Tokyo, Japan). All white pine saplings were tagged within pooled plots. Because of the large number of saplings in the detailed plot, saplings were tagged only within 90 m belts centered on nine parallel north-south transects that connected environmental subplots. Along these transects, saplings 0.5-1 m tall (SPL1), which were the most abundant sapling size class, were tagged within 1 m wide belts; saplings 1-2 m tall (SPL2), which were less abundant, were tagged within 2 m wide belts; and saplings >2 m tall (SPL3 and SPL4) (least abundant) were tagged within 4 m wide belts.
The approximate age of all tagged saplings was determined by counting the number of branch whorls or terminal bud scars. The length of the three annual height increments (terminal shoots) that preceded the uncompleted growing season (1997) was determined for tagged saplings <2 m tall (SPL1 and SPL2). Sapling height and basal diameter (~1 cm above the ground surface) were measured for tagged saplings <4 m tall (SPL1-SPL3), and DBH was measured for tagged saplings >4 m tall (SPL4). Soil depths were measured around all tagged saplings; a central soil depth measurement was located immediately next to the sapling stem. Circular subplots (sapling subplots; radius = 1 m) were established around tagged saplings 0.5-2 m tall (SPL1 and SPL2) so that a sapling was at the subplot center, and shrub cover layer was characterized in the same way as in the environmental subplots. All saplings occurred within 5 m of the nearest overstory subplot center and thus they were assigned the overstory basal area of that overstory subplot (radius 7 15 − m).
Data analysis
We tested 10 environmental factors (seed rain density and nine habitat characteristics) for their potential to influence the spatial patterns of white pine germinants and seedlings (hypotheses 1 and 2). The nine habitat characteristics tested were overstory basal area, soil depth, and percent cover of tall herbs, short herbs, moss, decaying wood, rock surface, shrub layer, and Corylus cornuta. The most significant predictors among these factors were identified.
At sapling stage not all environmental factors were tested, as some of them are hard to interpret. Testing the saplingseed rain relationship would not be accurate, given the temporal lag between seed rain measurements and the time since sapling establishment (~9-23 years ago; Doviak et al. 2001) . Testing the influence of ground cover (e.g., tall herbs, short herbs, decaying wood, rock surface, moss) on saplings using short-term data would also not be conclusive. Saplings occupied their locations long enough, and are large enough (up to 20 cm DBH) that any association between them and ground cover could be due to either ground-cover effects on sapling survival and growth, or sapling effects on ground cover (personal observation; cf. Kuuluvainen and Pukkala (1989) for effects of larger trees). Thus, only three of the 10 environmental factors (i.e., soil depth, overstory basal area, shrub cover) were tested at sapling stage (hypotheses 3-5).
The role of seed rain and safe site characteristics in the early stages of white pine regeneration (hypotheses 1 and 2) was studied by regressing response variables -germinant and seedling densities within environmental subplotsagainst environmental factors separately for the detailed and pooled plots. The analysis of germinant densities in the pooled plots could be done for only two out of the original four plots. A tree harvest precluded seed collection in one of the plots in 1998, and another plot was excluded from the analysis because of an extremely and unusually low number of germinants (only three germinants, all of them in a single subplot). Before running the regressions, safe site characteristics were transformed where needed to best approximate a normal distribution, yielding the following predictors: Tukey-transformed seed density (per square metre); square root transformed short herb cover; natural logarithm transformed covers of Corylus cornuta, moss, tall herbs, rock surface, and decaying wood; and untransformed average soil depth, overstory basal area of live trees, and overall shrub layer cover. The response variables -germinant and seedling counts on environmental subplots -were transformed using natural logarithms. Since the number of predictors and two-way interactions was high relative to the number of data points, we used stepwise regression with mixed selection of variables to select only those individual predictors that were significant at p = 0.1. The selected variables were then used in multiple linear regression analyses that incorporated all relevant interaction terms.
Field data often display a high degree of spatial autocorrelation, potentially leading to violation of the assumption of independence. Regardless of the spatial structure of variables, spatial structure in regression residuals has been widely used in ecological studies to distinguish between independence regression models versus autoregressive (AR, SAR, CAR) or geostatistic (i.e., exponential, Gaussian) models (Keitt et al. 2002) . The spatial structure of residuals is described by residual variograms or correlograms (e.g., Verdú and García-Fayos 1998; Gumpertz et al. 2000; Keitt et al. 2002) . A lack of residual spatial structure (flat variogram or correlogram) indicates that residuals are spatially independent (independence model) and regression coefficients are unbiased estimates of their true value. If regression residuals show spatial structure (spatial dependence), then an appropriate autoregressive or geostatistic model should be used to produce a valid regression fit (e.g., Keitt et al. 2002) . In testing the significance of correlation coefficients between any two variables, spatial autocorrelation in variables, instead of in residuals, needs to be explicitly incorporated to prevent underestimation of type I errors (e.g., Dutilleul 1993; Legendre et al. 2002) . If this is not done, the significance test of the correlation coefficient of the variables may be invalid (if both variables are spatially autocorrelated), although the significance is not affected if one of the variables is not spatially autocorrelated (Legendre et al. 2002) . In our case, checks using variograms and Moran's I correlograms show that both the residuals and the response variables (germinant and seedling densities) are not spatially autocorrelated at the scale of the study, and thus the independence regression model produces unbiased coefficient estimates and correct p values.
To clarify the role of soil depth and overstory density in white pine recruitment (hypotheses 3 and 4) we tested whether individual white pine size classes were associated with different values of these variables using the nonparametric Wilcoxon rank sum test. Using this test, we further examined whether sapling age, diameter (basal area, DBH), or average annual height increment differs according to high vs. low overstory density and high vs. low understory shrub cover (hypotheses 4 and 5).
Results
Regeneration relative to seed rain and safe sites
Germinant density in the detailed plot was positively related to seed rain density and cover of decaying wood (Table 3, Fig. 2 ). The partial r 2 from added variable analysis shows that most of the explained variation could be accounted for by the decaying wood cover, followed by seed rain density (Table 3 , Figs. 2A and 2B ). The semivariogram of residuals from the complete model with both predictors does not show any spatial structure (Fig. 2C) implying spatial independence of residuals. In the analysis of germinant densities in the pooled plots, no significant predictors emerged, probably because sample size was significantly reduced because of missing seed rain data and low germinant number in one of the study plots.
In the detailed plot, seedling density was positively related to overstory basal area of living trees (all species pooled), moss cover, and the positive interaction of these two predictors (Table 3 ). Most of the explained variation could be accounted for by the overstory basal area of living trees, while moss cover explained less variation (Table 3, Figs. 3A and 3B) . This model may be considered final since the residuals are not spatially correlated (Fig. 3C) . Although seed rain density does not seem to be an important predictor of seedling density in this analysis, seed rain is positively correlated with live overstory basal area (Pearson's correlation coefficient is 0.46), suggesting that seed rain may be partially responsible for the significance of live overstory basal area as a predictor. Replacing the live overstory basal area by seed rain density still yields a significant fit (p < 0.0002) but it explains less variation (R adj 2 = 0.16). Thus, it appears that live overstory basal area (in addition to seed rain) positively influences seedling density in this plot.
In the pooled plots, seedling density was positively related to seed rain density and moss cover (Table 3) . Seed rain and moss explained approximately equal amounts of variation (Table 3, Figs. 4A and 4B) , producing spatially uncorrelated model residuals (Fig. 4C) . Notably, moss cover was related to seedling density in the same way in the pooled plots as in the detailed plot, and it explained a similar amount of variation in seedling density in both analyses (cf. coefficient estimates and partial r 2 , Table 3 ). In addition, the influence of seed rain on seedling density in the pooled plots was not significantly different from the influence of seed rain on germinant density in in the detailed plot (cf. coefficient estimates and their standard errors, Table 3 ).
White pine distribution relative to soil depth
Overall overstory density was not significantly related to soil depth in either of the plot types (Fig. 5A) . However, in the pooled plots, which had greater average soil depth (~21 cm) than the detailed plot (~14 cm), the major species of adult overstory trees were associated with different average soil depths: white pine with the shallowest soils (~18 cm), red maple with the deepest soils (~24 cm), and aspen with soils of intermediate depth (~22 cm) ( Fig. 5B ; pooled plots). On soil depths <15 cm,~40% of overstory white pines and only~20% of overstory red maples occurred, whereas on depths >25 cm, just~25% of white pines but as many as~52% of red maples occurred. Thus, it ap-Can. J. Table 3 . Best linear regression models for the density of white pine germinants and seedlings relative to seed rain and habitat characteristics in the detailed plot and pooled plots.
pears that white pine has a competitive advantage over red maple and aspen on shallower soil. Soil depth influence on major species of adult overstory trees was not observed in the detailed plot ( Fig. 5B ; detailed plot). This could be due to the fact that soil depth measurements were not possible directly underneath adult overstory trees because of difficulties in distinguishing bedrock from large tree roots; overstory subplot soil depth measurements were used instead. These measurements may have missed spatially restricted deep soil pockets directly underneath adult overstory red maple and aspen. Although overstory white pines were associated with the shallowest soils of all overstory tree species in the pooled plots, extremely shallow soil may limit white pine recruitment in earlier stages. In the generally shallow detailed plot, saplings were associated with progressively deeper soils as they increased in size ( Fig. 5C ; detailed plot). The average soil depth increased from 14 cm (under seedlings) to 18 cm (under large saplings). While 20% of the area has extremely shallow soil (<5 cm) and contains 15% of seedlings, onlỹ 2.5% of tall saplings (>2 m) occur there. Thus, it appears that seedlings occurring on extremely shallow soils cannot recruit to advanced sapling stage. On the deeper soil of the pooled plots, juvenile white pine size classes were not associated with differing soil depths. Instead, they all occurred on average soil depths (~21 cm; Fig. 5C ; pooled plots). Soil depth associations of saplings and adult overstory trees were not compared because different methods were employed in measuring soil depths. Soil depths were measured directly under each sapling but, as mentioned above, soil depth measurements for overstory trees were taken from overstory subplots (i.e., not directly next to the tree stem).
Sapling recruitment relative to overstory density
In the pooled plots, the mean basal area of live trees was approximately equal above all seedling and sapling size classes; however, in the detailed plot, mean basal area significantly decreased with increasing size class (Fig. 6 ). In the detailed plot, 30-40% of seedlings (SDL and GRM), as opposed to only~10% of the largest saplings (SPL4), occurred within high forest density (32-48 m 2 /ha) (Fig. 7A) . The majority (~55-70%) of each size class grew under the intermediately dense overstory (16-32 m 2 /ha), which occupied most of the detailed plot (Fig. 7B) and most of the pooled plots. In the detailed plot, low overstory density (<16 m 2 /ha) represented~20% of sapling habitat but contained as much as 35% of the largest saplings (SPL4) (Fig. 7C) . In the pooled plots, only 4.5% of the overstory was low density, which may explain the lack of a higher percentage of large saplings in this overstory density category.
To further examine the influence of overstory density on sapling recruitment, we studied size and age distributions of saplings in individual size classes in the three different overstory density categories. In the detailed plot, the size (basal area and DBH) of saplings 2-4 m and >4 m tall (SPL3 and SPL4) was significantly greater under low overstory density (<16 m 2 /ha) than under high overstory density (>32 m 2 /ha), while saplings 0.5-2 m tall (SPL1 and SPL2) did not significantly differ in size under different overstory densities ( Fig. 8A; detailed plot) . In addition, in the detailed plot, saplings >1 m tall (SPL2-4) that grew under low overstory density were younger than those under medium or high overstory density ( Fig. 8B ; detailed plot). In the pooled plots, we could only analyze medium and high overstory density categories, since no saplings where we measured size and age occurred under the rare low overstory density category. The lack of difference in size or age of saplings 0.5-4 m tall (SPL1-3) between these two overstory densities in the pooled plots shows the same trend as was observed in the detailed plot for these two overstory density categories (Figs. 8A and 8B; pooled plots). Moreover, the DBH of the tallest saplings (SPL4) in the pooled plots was significantly greater under medium than high overstory density, further confirming the trend visible in the detailed plot.
Sapling recruitment relative to understory shrub layer
Since both overstory and understory modify the light regime and compete directly with saplings 0.5-2 m tall, we compared the effects of four combinations of overstory basal area (high and low, defined as equal or greater than and less than the median value of 24 m 2 /ha) and understory cover (high and low, defined as equal or greater than and less than the median value of 55% cover) on average sapling height increments (calculated for individual saplings from three terminal shoot lengths). Across both the detailed plot and pooled plots, height growth was better in the combination of low overstory basal area and low understory cover than in either of the combinations with high understory cover (Fig. 9) . This difference in height growth was statistically significant in the detailed plot when tested against all the other overstory-understory combinations together (p = 0.0328). In the pooled plots, the sapling height increments were greater in areas with low understory cover than in areas with high understory cover, regardless of overstory basal area (Fig. 9) . The lack of influence of the overstory in the pooled plots may be due to the fact that the pooled plots lack the open, low forest density (<16 m 2 /ha) that was shown in the preceding sections to play an important role in sapling growth and recruitment.
To control for the influence of sapling size, these analyses were done separately for saplings 0.5-1 m tall and 1-2 m tall. There were no statistically significant trends in the detailed plot where height increments were measured for a subsample of saplings, but in the pooled plots, where height increments were measured for all saplings, the results differed between the two sapling size classes. The height increment of saplings 0.5-1 m tall in the pooled plots (data not shown) had virtually the same trend as that shown in Fig. 9 (pooled plots) for all saplings 0.5-2 m tall, whereas the height increment of the saplings 1-2 m tall in the pooled plots (data not shown) had the same trend as was observed for saplings 0.5-2 m tall in the detailed plot (Fig. 9) . Interestingly, the pattern given for the detailed plot for both sapling size classes (Fig. 9) probably more greatly reflects the pattern of saplings 1-2 m tall than saplings 0.5-1 m tall, as the former were almost twice as abundant in the subsample.
Discussion
The results indicate that white pine invasion-retraction Mean soil depth associated with (A) different overstory density classes, (B) major canopy tree species, and (C) different white pine seedling and sapling size classes. Broken line gives mean plot soil depth. High forest density is defined as 32-48 m 2 /ha, medium as 16-32 m 2 /ha, and low as 0-16 m 2 /ha; the pooled plots contained almost no low forest density. Abbreviations for major canopy tree species are as follows: Populus sp. (POPSP), Acer rubrum (ACRU), Pinus strobus (PIST). White pine size classes are as follows: germinants that germinated in the year of the survey (GRM), seedlings >1 year old but <0.5 m tall (SDL), saplings ≥0.5 and <1 m tall (SPL1), saplings ≥1 and <2 m tall (SPL2), saplings ≥2 and <4 m tall (SPL3), saplings ≥4 m tall but <20 cm DBH (SPL4). The differences in soil depths were tested using the Wilcoxon rank sum test. Statistically significant differences were marked with different letters above their corresponding bars. Where the same letter occurs above two different bars there is a lack of statistically significant difference between the two bars. Letters were omitted for the sake of simplicity if there were no significant differences between any bars in a single graph. An asterisk marks results that were significant at Bonferoni corrected significance levels. population dynamics (Doviak et al. 2001) in aspen mixedwoods may be initiated by positive effects of seed rain and safe sites on the distribution of germinants and seedlings on the forest floor. In aspen mixedwoods that contain overstory white pine, the initial distribution of white pine seedlings may be quite broad, but later negative effects of overstory basal area and shrub cover, and complex effects of soil depth, influence sapling recruitment from one size class to another, eventually leading to a more spatially restricted distribution of advanced saplings and adult white pines within the forest.
Seed rain and microhabitat effects on seedling establishment
White pine seed rain density and microhabitat characteristics, such as immediate overstory basal area and decaying wood and moss cover, were positively related to white pine germinant and seedling densities. The importance of bare mineral soil and decaying wood for successful germination and early survival of tree seedlings has been demonstrated in numerous studies (Stewart and Rose 1990; Cornett et al. 1997; Kuuluvainen and Juntunen 1998) . In this study, bare mineral soil was virtually absent and did not play a major role, but germinant density was positively related to decaying wood. The positive association of older seedlings with moss cover may be indicative of better seedling survival on logs and stumps in advanced stages of decay where greater moss cover tends to be common.
Discrepancies between spatial patterns of seeds and seedlings documented for various species (e.g., Houle 1998; Lamont et al. 1993) can be explained by the dependence of germination and seedling establishment success on the quality of microsites, provided that the microsites are not randomly arranged relative to seed rain density. Microsites were nonrandomly arranged relative to seed rain in our detailed plot. Overstory basal area was positively correlated with seed rain density and, in addition, the positive effect of moss on seedling density was higher under higher overstory basal area. Under aspen canopy, safe sites such as logs and stumps can provide moister substrate than the surrounding forest floor (Cornett et al. 1997) , while rock outcrop communities that are unprotected by dense forest canopy may be prone to disruptions due to seasonal droughts (Houle and Phillips 1989) . In the pooled plots, overstory basal area did not reach values as low as those on the rock outcrop of the detailed plot, and it was not related to seedling density.
Variations in white pine seedling and sapling dispersion patterns around individual seed sources have been noted earlier but microhabitat characteristics were not simultaneously studied (Rudis et al. 1978) . In addition to seed rain, microsite-related establishment success has been found to influence the seedling distributions of 14 canopy tree species in southern Appalachian forests, but actual microsite characteristics were not identified (Clark et al. 1998 ). In the present study, we quantify the contribution of seed rain and different habitat characteristics to the variation in white pine germinant and seedling densities within aspen mixedwoods of the western Great Lakes region. Our results lead us to conclude that approximating actual seed dispersal curves by seedling dispersion curves in forest dynamics models (cf. Pacala et al. 1993; Ribbens et al. 1994) may not be accurate because of spatial variations in seedling density resulting from microsite induced differences in germination and seedling survival (cf. LePage et al. 2000; Wright et al. 1998) .
Soil depth effects on white pine distribution
On generally deeper soil (~21 cm), overstory white pine occupied the shallowest soils (~18 cm) of the three major overstory species (aspen, white pine, red maple), indicating that white pine recruitment into the canopy may be lower on deeper soils due to competition. Thus, the distribution of overstory tree species relative to soil depth lends some support to our shallow soil refugia hypothesis (3). Various authors have suggested that white pine regenerates and recruits into the canopy most successfully in areas where competition from other vegetation is limited, such as on rocky soils, sandy soils, or areas burned by surface fires (Wendel and Smith 1990; Reich 1995a Tester et al. 1997) .
Contrary to this hypothesis, however, on generally shallow soils large saplings were associated with deeper soils more than small saplings or seedlings; on generally deeper soils, no difference in soil depth was found among seedling and sapling size classes. Large white pine saplings "avoid" extremely shallow soil (<5 cm); and, on generally shallow soil (~14 cm), they tend to be associated with somewhat deeper Fig. 7 . Proportion of germinants, seedlings and different sapling size classes within different forest density classes in the detailed plot. Overstory density classes and sapling size classes are the same as in Fig. 5 . Subplot category at the right of the graphs gives the proportion of subplots (plot area) that belongs to each particular forest density class. Summing the proportions of each size class or subplot (plot area) across the three forest density levels adds up to 100% (the total population of each individual size class or all subplots). soil pockets (~18 cm). Thus, on extremely shallow soil, white pine recruitment may be limited by soil depth rather than by competition from the overstory. On such soil, a difference of even a few centimetres may be biologically significant for seedlings and saplings because it significantly influences their ability to hold onto the substrate as well as the amount of available physical belowground space (McConnaughay and Bazzaz 1991) . Extremely shallow soils may be drought prone and moisture availability may become the limiting factor for certain plant species (Houle and Phillips 1989) , including white pine, even though white pine saplings are tolerant of soil moisture deficits of >20% (Caspersen and Kobe 2001) . Other soil characteristics such as pH, ion concentration, and soil texture may vary with soil depth and influence the distribution of plant species (Bigelow and Canham 2002; van Breemen et al. 1997) .
Therefore, while shallow soils (such as rock outcrops) may indeed provide good habitat for successful white pine recruitment into the canopy, as also described by Ziegler (1995) , the soil cannot be too shallow, or it may limit seedling recruitment to an advanced sapling stage. Studies of associations between soil depth and tree saplings or adult overstory trees are not very frequent, and our data contribute Fig. 5 , but note that only high and medium forest density categories are present in the pooled plots. The subsample of the largest saplings (SPL4) used to determine age was smaller than that used to determine DBH, thus age comparisons for this size class could not be made. Sapling size classes are the same as in Fig. 5 . Size was measured as basal diameter for SPL1-3, and as DBH for SPL4. Age was approximated by branch whorl counts. Significance testing is the same as in Fig. 5.   Fig. 9 . Average terminal shoot length of saplings 0.5-2 m tall (SPL1-2) occurring in four different combinations of high and low overstory basal area and high and low understory shrub cover density. Significance testing is the same as in Fig. 5 . The median values of overstory basal area (24 m 2 /ha) and understory shrub cover (55%) were used to divide these variable values into high and low levels.
to understanding of the basic variability of tree -soil depth associations within aspen mixedwoods of the western Great Lakes region.
Overstory effects on white pine recruitment
We can accept in part our negative canopy effects hypothesis (4) since the recruitment of white pine saplings into larger size classes was indeed more successful under low overstory density. Negative overstory effects and gap phase regeneration (where most recruitment occurs within canopy gaps) play an important role in the dynamics of mesic temperate late successional forests, mixed early successional deciduous-conifer forests, and southeastern boreal forests (Runkle 1981; Frelich and Reich 1995b; Kneeshaw and Bergeron 1998) . White pine recruitment in boreal forests was found to be mostly restricted to relatively open habitats (Carleton et al. 1996) and pollen analyses suggest that white pine arrival in Minnesota 7000 years ago occurred mostly within open savanna-like forests (Jacobson 1979) . Other studies, however, documented white pine recruitment in aspen-dominated forests with overstory densities similar to the intermediate density category in our study (Sharik et al. 1989; Pregitzer 1993, 1995; Peterson and Squiers 1995) . We found that although white pine saplings were able to recruit into larger size classes (>4 m height) in medium forest density (16-32 m 2 /ha), their growth was better, recruitment was faster, and their density was disproportionately higher under the lowest overstory density (<16 m 2 /ha). In the past, a simplified "Swiss cheese" canopy gap model that contrasts tree recruitment in gap and nongap environments has been used (cf. Lieberman et al. 1989 ). In the present study, we offer a more detailed elucidation of the dynamics of white pine within aspen-dominated mixed forests, wherein gradual variation in canopy density (in combination with other noncanopy factors) determines the success of the regeneration and recruitment of the species.
Understory shrub effects on sapling growth
As hypothesized, white pine recruitment into intermediate size classes was dependent on the density of the understory shrub layer. A dense shrub layer, more so than high overstory basal area, slowed the height growth of saplings 0.5-1 m tall. The growth of saplings 1-2 m tall was poor when either shrub cover or overstory basal area were high. Thus, even if an abundant white pine seedling layer occurs beneath a low overstory density, competition from shrubs may slow white pine recruitment into intermediate sapling size classes. Our results corroborate suggestions from other authors that both overstory and understory competition have a negative effect on sapling recruitment (Smidt and Puettmann 1998; Saunders and Puettmann 1999) . In boreal forests, understory woody vegetation, including shrubs, can increase in abundance if light levels increase because of a decrease in overstory density (Lieffers et al. 1999) . The susceptibility of white pine saplings to competition has been widely recognized (e.g., Wendel and Smith 1990; Machado 1999) and management strategies that include controlling competition from more shade-tolerant saplings in the forest understory have been suggested (Abrams et al. 1995; Tester et al. 1997 ). According to our results, after white pine saplings reach >1 m in height, if the overstory density in aspen mixedwoods is too high, shrub elimination will successfully aid recruitment only if coupled with the reduction of overstory density.
Conclusions
Although white pine regeneration in the Canadian portion of the Great Lakes region appears to be regulated by habitat limitations on seedling survival and growth rather than by seed dispersal (Carleton et al. 1996) , we have shown in this paper that white pine seed rain can limit early white pine regeneration in aspen mixedwoods of the western Great Lakes region. In addition, suitable microhabitats, such as decaying wood and moss within the shade of a canopy, are equally important for early regeneration in these forests. In the later stages of white pine regeneration, recruitment is faster and disproportionately more abundant in areas of lower overstory density and low shrub cover, provided that soil is sufficiently deep. Shallow soil above some minimum depth (~5 cm) may provide a suitable habitat where white pine recruitment into the canopy is more successful than is the recruitment of some co-occurring tree species.
Understanding the interplay between seed rain density and microhabitat effects on regeneration and recruitment among individual white pine life stages can explain the discordance in spatial patterns of individual white pine life stages in aspen mixedwoods of the Great Lakes region. Interactions between seed dispersal and spatial distribution of suitable habitat has been addressed in theoretical mathematical models (Green 1983; Geritz et al. 1984) , computer simulations using simplifying assumptions (e.g., Pacala et al. 1993) , and conceptual models (Janzen 1970; Connell 1971) , but because of its complexity it has typically been only partially addressed in field ecology studies (e.g., Stewart and Rose 1990; Bergelson et al. 1993; Moer 1993; Tanaka et al. 1998; Wright et al. 1998; Barot et al. 1999; LePage et al. 2000) . Our study helps to fill this gap by describing the dynamics of regeneration and recruitment in several white pine populations occurring in aspen mixedwoods, and examining the capacity of a number of habitat characteristics to function as potential regeneration and recruitment filters.
